Introduction
Members of the Branchiobdellidae, or crayfish worms, are freshwater ectosymbionts on crustaceans, primarily astacoid crayfishes, in the Holarctic realm. Although generally accepted to be a family, Holt (1965) raised the taxon to an order, Branchiobdellida, which he later divided into five families (Holt 1986 ). Many North American authors (Gelder & Brinkhurst 1990; Gelder 1999 ) used Holt's (1965) independent, ordinal rank of the Branchiobdellida in their investigations, while others, mostly European and Asian authors (Subchev & Stanimirova 1986; Timm 1991; and others) , continued to use the older family rank within the Oligochaeta. This latter ranking has now been uniformly accepted (Brinkhurst 1999; Brinkhurst & Gelder 2001 ) and Holt's families have been demoted to subfamilies. The Branchiobdellidae currently consists of 21 genera and approximately 150 species (Gelder 1996) .
The first phylogeny proposed for the branchiobdellids (Holt 1968: 83) was based on the 14 genera then known. It consisted of one monophyly of four genera and the rest of the genera emerged independently from a common 'protobranchiobdellid' stock. A subsequent refinement (Holt 1986: 678-682) divided the, by then, order of 18 genera into five families, with each family emerging independently from the 'protobranchiobdellid' stock. The families were defined by a combination of states from two morphological characters, and the intrafamilial associations of genera were based on an intuitive assessment of their relationships. When Gelder & Brinkhurst (1990) used existing morphological descriptions to construct a data matrix of branchiobdellid genera, they found that three species had been placed in inappropriate genera. As a result, a new genus was established for each of the species, and subsequent statistical analyses showed the Branchiobdellidae to form a monophyly.
Branchiobdellids are unquestionably members of the Clitellata, but their location within the taxon is problematic, as evidenced by their having been assigned to the Oligochaeta, the Hirudinea and as an independent taxon of equal rank to these two; the last has now been rejected. The merits of placing branchiobdellids in a hirudinean grouping have been discussed extensively (Sawyer 1986; Purschke et al . 1993; Siddall & Burreson 1996; Brinkhurst 1999; and colleagues) . A recent review of the evolution of the Clitellata by Omadeo (1998) , using morphological, embryological and other data, also suggested that the branchiobdellids are part of the Hirudinea sensu lato (p. 61). Unfortunately, this work contains a number of factual errors regarding the branchiobdellids which undermine Omadeo's conclusions for this taxon. Investigations using 18S rRNA gene sequences were employed to study the position of branchiobdellids and aphanoneurans within the Annelida by Moon et al . (1996) and in three protostome phyla . However, the number of clitellate taxa employed in both studies was too small to resolve the phylogenetic position of the branchiobdellids within the Clitellata. Using 18S rRNA and cytochrome c oxidase subunit I sequences to study the relationships of taxa among the Clitellata, Martin et al . (2000: 360) showed the Branchiobdellidae to be a sister group to the oligochaete Lumbriculidae, which agrees with the assessments made by Brinkhurst (1999) and Brinkhurst & Gelder (2001) .
Establishing the position of the Branchiobdellidae in the Clitellata is beyond the scope of the present paper, but will be addressed in a future work. Some of the morphology-based definitions of taxa in the Branchiobdellidae rely too heavily on subjective interpretations to be used as unambiguous character states in a data matrix. Therefore, the current investigation was designed to use gene sequence, morphological and distributional data to produce a phylogeny of the branchiobdellids. By using an enlarged data matrix, it was anticipated that the resulting cladograms would provide clues for a re-evaluation of the morphological characters and their states for re-defining the various branchiobdellid taxa.
Materials and methods

Taxa
The 20 species of branchiobdellids collected provided representatives from 14 of the 21 genera known, and from each of the major geographical regions of the taxon's distribution (Table 1) . Six species of Cambarincola were collected to examine the intrageneric variability in the largest branchiobdellid genus. The matrix of branchiobdellid morphological characters and their states was taken from Gelder & Brinkhurst (1990) , and additional taxa were scored using these characters and their states. Four species of leeches were included to demonstrate that they form a separate monophyletic group from the branchiobdellids, but this choice does not imply any other phylogenetic relationship. The inclusion of Acanthobdella peledina was for completeness of the known taxa similar to the branchiobdellids. The two oligochaetes used as outgroups, Lumbricus terrestris and Tubifex tubifex , are distant, clitellate relatives and were chosen in the light of the availability of comparable gene sequences.
DNA extraction and purification
Field-collected specimens were identified and then preserved in 100% ethanol at ambient temperature for later extraction. Whenever possible, tissue was taken from the posterior adhesive disc or caudal sucker so as to prevent possible contamination by gut contents. Specimens measuring less than 1 mm in length were digested whole. Genomic DNA was extracted from specimens using the QIAamp Tissue Kit (QIAGEN Inc., 28159 Avenue Stanford, Valencia, CA 91355, USA).
Polymerase chain reaction ( PCR) amplification
Molecular characters for phylogenetic inference were obtained from the nuclear small subunit (18S) ribosomal gene and from mitochondrial cytochrome c oxidase I (CO-I) gene sequences. Mitochondrial CO-I sequences (651 bp) were amplified from purified genomic DNA using the 'universal' primers LCO1490 (5 ′ -GGTCAACAAATCATAAAGATAT-TGG-3 ′ ) and HCO2198 (5 ′ -TAAACTTCAGGGTGACC-AAAAAATCA-3 ′ ) (Folmer et al . 1994) . Amplification reaction mixtures for CO-I contained 10X Buffer II, 2.5 m M MgCl 2 , 0.25 m M of each dNTP, 1 µ L of each primer, 1.25 units AmpliTaq DNA polymerase (Perkin-Elmer Corporation, 850 Lincoln Centre Drive, Foster City, CA 94404, USA) and template DNA in a 50 µ L total volume. The reaction mixtures were heated to 94 ° C for 4 min and then cycled in a PE-2400 for 35 cycles at 94 ° C for 15 s, 44 ° C for 5 s, 70 ° C for 90 s with a final extension of 72 ° C for 7 min. Initial amplification of 18S rDNA used the primers 5 ′ -AACCT-GGTTGATCCTGCCAGT-3 ′ and 5 ′ -TGATCCTTCCG-CAGGTTCACCT-3 ′ (primers 'A' and 'B', respectively; Medlin et al . 1988) , yielding a 1.8 kb fragment. Isolates that amplified only weakly for the whole 18S rDNA were then used as template for subsequent internal fragment amplification using internal primers ['A' and 'L' (5 ′ -CCAACTACGAGC-TTTTTAACTG-3 ′ ); 'C' (5 ′ -CGGTAATTCCAGCTCCAA-TAG-3 ′ ) and 'Y' (5 ′ -CAGACAAATCGCTCCACCAAC-3 ′ ); as well as 'B' and 'O' (5 ′ -AAGGGCACCACCAGGAGT-GGAG-3 ′ )] to yield three overlapping double-stranded DNA fragments (denoted AL, CY and BO) of approximately 600 bp each. Reaction mixtures for 18S rDNA, containing 10X Buffer II, 1.5 m M MgCl 2 , 0.25 m M of each dNTP, 1 µ L of each primer, 1.25 units AmpliTaq DNA polymerase (PerkinElmer Corporation, 850 Lincoln Centre Drive, Foster City, CA 94404, USA) and template DNA in a 50 µ L total volume, were heated to 94 ° C for 4 min and then cycled 35 times at 94 ° C (20 s), 47 ° C (5 s), 68 ° C (105 s) with a final extension of 70 ° C (7 min). Amplification reactions for the BO fragment of 18S rDNA also included 10% dimethylsulphoxide (DMSO) to stabilize against secondary structure formation. The amplified DNA was purified in a low melting point agarose gel and manually excised over UV light. Further purification was performed according to the Qiaquick PCR Purification Kit protocol (QIAGEN) .
DNA sequencing
Sequencing reactions contained 1 µ L primer (either LCO, HCO, A, L, C, Y, O or B above), 2.5 µ L purified amplification product, 2 µ L Big Dye( TM) (Applied Biosystems, PerkinElmer Corporation, 850 Lincoln Centre Drive, Foster City, CA 94404, USA) and were cycled 35 times at 96 ° C (70 s), 44 ° C (5 s) and 60 ° C (4 min). Unincorporated dye terminators and primers were removed from sequencing reaction products with Centri-sep columns (Princeton Separations). Sequencing products were electrophoresed in a 4% polyacrylamide gel in an ABI Prism 377 Sequencer( TM) (Applied Biosystems). All amplified fragments were sequenced in both directions reconciled using Sequence Navigator (PerkinElmer). Overlapping AL, CY and BO sections of 18S rDNA were combined by counting using Gene Jockey (Taylor 1994) . Disagreement among these fragments was corrected by reference to the original chromatograms. Translations of CO-I nucleotides to amino acid sequences were also conducted with Gene Jockey.
Alignment and phylogenetic analyses
Sequences for CO-I required no alignment because there were no insertion/deletion events. Sequences for 18S rDNA were aligned with MALIGN (Wheeler & Gladstein 1996) to examine gap : change cost ratios of 2, 3 and 4 on topological cost evaluations with branch breaking. Data for 18S rDNA, CO-I (both nucleotides and translated amino acids) as well as morphology were used separately and in combination in phylogenetic analyses using Nona (Goloboff 1998) . Each search for the most parsimonious solution, treating all characters as non-additive and of equal weight, employed 10 random taxon addition search sequences with branch breaking. Parsimony jack-knife values (Farris et al . 1996) were conducted with Xac ( Farris 1998 Eastern North America AF310693 AF310710 Cambarincola okadai Yamaguchi, 1933 Western North America AF310694 AF310711 Cambarincola pamelae Holt, 1984 Eastern North America AF310695 AF310712 Cambarincola philadelphicus ( Leidy, 1851) Eastern North America AF310696 AF310713 Ceratodrilus orphiorhysis (Holt, 1960) Eastern North America AF310697 AF310714 Magmatodrilus obscurus (Goodnight, 1940) Western North America AF310699 AF310716 Oedipodrilus macbaini (Holt, 1955) Eastern North America AF310700 AF310717 Pterodrilus annulatus Gelder, 1996 Eastern North America AF310701 AF310718 Sathodrilus attenuatus Holt, 1981 Western North America AF310702 AF310719 Triannulata magna Goodnight, 1940 Western North America AF310703 AF310720 
Results
Parsimony analysis of 18S rDNA sequences resulted in 104 equally optimal trees with 1158 steps, analyses of mitochondrial CO-I data alone found two equally parsimonious trees at 2016 steps and use of the morphological characters alone found 139 equally optimal trees with a length of 30 steps for the non-additive (unordered) character set ( Fig. 1A-C) . Only two genera were represented by more than one species; two from the Branchiobdella and six from the Cambarincola . A monophyletic grouping of Branchiobdella was indicated only with the morphological data set, and the Cambarincola species proved to be polyphyletic with all three data sets. Both molecular data sets ( Fig. 2A,B) agreed on the monophyletic grouping of Sathodrilus attenuatus with Xironogiton victoriensis , but this was not supported by the morphological data when considered alone (Fig. 1C) . The molecular data sets placed Magmatodrilus obscurus among the most basal lineages, which disagreed with the tree from the morphological data. Using the 18S rDNA sequences, the average intertaxonomic genetic distance for the branchiobdellids was 1.7%; however, the monotypic M. obscurus had a significantly greater distance than the average with 14.5%. Applying CO-I, the range of distances was considerably closer to the average, 20.6%, with the distance for M. obscurus being 28.6%. Simultaneous analysis of the three data sets in combination and including all of the listed taxa ( Table 1 ) resulted in three equally optimal trees ( Fig. 2A) each with a length of 3334. Removal of the outgroup taxa and rooting with the first diverging branchiobdellidan clade -specifically, M. obscurus and Xironodrilus formosus -resulted in one optimal tree with length 1804 (Fig. 2B) . The only substantial differences between the tree found using an outgroup of other clitellate taxa and that using a branchiobdellid functional outgroup were the resolution of Ceratodrilus and Cirrodrilus as a monophyletic group, the position of Bdellodrilus illuminatus as sister to S. attenuatus and X. victoriensis , and the re-assignment of Ankyrodrilus legaeus . The initial position of A. legaeus with the two species of Branchiobdella ( Fig. 2A) forms a monophyletic group which reflects a Branchiobdellinae assemblage. Following the move (Fig. 2B) to the base of the Branchiobdellidae tree, A. legaeus then becomes sister to the first diverging clade of X. formosus and M. obscurus . The sister position of A. legaeus to X. formosus is supported in the 18S rDNA analysis (Fig. 1A ) and, to a lesser extent, where the two taxa form a close but unresolved association from a common node using morphological characters (Fig. 1C) . Many of the relationships found between taxa, using individual character sets or in combination, are not strongly supported. However, a few are well supported, such as the polyphyletic status of the genus Cambarincola . Specifically, a monophyletic group of Pterodrilus annulatus with C. holti and C. philadelphicus exhibited a Bremer support index of 4 and was found in 70% of jack-knife replicates.
Similarly, a monophyletic group of Cronodrilus ogygius with Cambarincola pamelae had a Bremer support index of 3 and was found in 91% of jack-knife replicates. Making Cambarincola a monophyletic group would require 25 additional steps, but this would then render Branchiobdella polyphyletic.
Discussion
It is clear that any one of the data sets alone (Fig. 1A-C) is insufficient to resolve the phylogenetic relationships in the Branchiobdellidae. The taxon shows relatively little genetic diversity in the 18S rDNA gene compared to other clitellate taxa (e.g. Apakupakul et al . 1999 ). This may be attributed to the specialized ectosymbiotic habitat, restricted Holarctic distribution and morphological similarity in the taxon. The combined nuclear 18S rDNA, mitochondrial CO-I and morphological characters provide some resolution ( Fig. 2A,B) confirming the monophyletic status of the branchiobdellids and allowing assessment of other taxonomic questions. The 20 species analysed represented 14 genera from four of the five subfamilies in the Branchiobdellidae. Seven of the nine genera in the Cambarincolinae were sampled, including six species from the largest branchiobdellid genus, Cambarincola . Species from the latter genus were included to test the validity of the Cambarincola when using a combination of 18S rDNA and CO-I characters. However, given the placement of representatives of the genera Pterodrilus , Oedipodrilus , Cronodrilus and those of the Cambarincola species, it would appear that Cambarincola does not form a monophyletic group. These placements could represent a morphology found in the Cambarincola that is relatively plesiomorphic to the other three generic forms. This suggestion presents a reversal of the traditional view of determining character states as used by Holt (1986) and Gelder & Brinkhurst (1990) . The Bdellodrilinae consists of four, monotypic genera, three of which are endemic to North America and represented in this study by Bdellodrilus and Cronodrilus . The only time the two genera were part of a monophyletic group was using the CO-I data set, and even then the grouping included C. pamelae (Fig. 1B) . The analyses showed that the subfamily designations (Table 1) did not form any natural groups. Accepting the three subfamily arrangement suggested by Gelder & Brinkhurst (1990) , a monophyletic grouping of the Branchiobdellinae, Bdellodrilinae and Cambarincolinae each would require 40, 14 and 29 extra steps, respectively. Recognizing that this was a preliminary study, it should be noted that the genera were represented by a token number of species; Cambarincola has approximately 50 species of which six were studied, Branchiobdella has 17 and two were studied. Three other genera have more than eight species, and they were represented by a single species in the analyses. It is always possible that some of the representative species studied are atypical of their genus and have skewed some of the results obtained. Branchiobdellid genera are either endemic to Eurasia or North America, and many can be further regionalized to one of the following: Europe, eastern Asia, eastern or western North America (Table 1) . Species were collected for analysis that represented each of the four zones. Members of the genus Cambarincola are endemic to North America with species being typically reported from either eastern (east of the continental divide) or western (west of the continental divide) regions. The six species representing Cambarincola involved four from the eastern and two from the western regions. Although C. okadai and C. gracilis are both western species, grouped close to each other, the eastern C. mesochoreus seems to be derived from them. Of the remaining three species from western North America, only S. attenuatus and X. victoriensis were monophyletic. The Branchiobdellinae is the only one of the subfamilies to have genera in each of the four geographical regions of branchiobdellid distribution, and a representative of at least one species from each of these regions (Table 1) was examined. For the moment, it appears that the ancestral location for the Branchiobdellidae is North America, which agrees with Holt (1969) , but such a conclusion must be tempered by the obvious New World sampling bias.
Although not in the same subfamily, it is notable that the western North American X. victoriensis and S. attenuatus formed the best supported monophyletic group resulting from the separate gene sequence and combined data analyses. The two species share another feature in that they are sympatric on the Signal crayfish, Pacifastacus leniusculus, in northern California. Additional within-species information, such as mitochondrial haplotypes, from these and several other of the 18 species in Sathodrilus would be required to rule out the possibility of introgression.
The use of 18S rDNA and CO-I characters in this investigation has demonstrated that the Branchiobdellidae is a monophyletic group, thus confirming the work of Gelder & Brinkhurst (1990) . However, it has done little to support the existing taxonomy of the family, but rather suggests that a critical re-assessment of the morphological characters and their states be made. Concomitant with this re-assessment must be the collection of genera omitted here, and additional species from the larger genera, either to validate, or invalidate, their monophyletic status using 18S rDNA and CO-I sequences.
